Summary
1.
A haemodynamic and myocardial metabolic study was performed to compare effects of maximal atrial pacing and the cold pressor test (CPT) in patients with angina pectoris. Twelve patients (group I) had angiographically severe coronary artery disease, while 16 patients (group 11) had normal coronary angiograms.
2. At maximal pacing, angina developed in all patients in group I, and myocardial lactate production was found in eight of 12 patients. In group 11, 12 out of 16 patients experienced chest pain, but only two patients had myocardial lactate production. Neither angina nor myocardial lactate production was present in any patient in either group during CPT.
3. Coronary sinus flow increased and coronary vascular resistance decreased significantly in both groups at maximal pacing (P<O.OOl). At CPT, coronary flow decreased (P < 0.05) and coronary resistance increased (P< 0.001) in group I, while individual response was more variable in group 11.
4. In conclusion, maximal pacing was a more effective method of provocation of angina pectoris than CPT. The reactions of coronary sinus flow and coronary vascular resistance were different in group I than in group 11. However, because of the variability of response in patients with normal coronary arteries, CPT cannot be used to distinguish patients with coronary artery disease from patients with no such disease.
Introduction
Bicycle ergometry and the treadmill test are probably the two most physiological methods of provoking myocardial ischaemia in patients with effort-induced angina pectoris [l, 21 . Because of fixed atherosclerotic narrowings in epicardial vessels in these patients, increased myocardial oxygen demand cannot be met by an appropriate rise in oxygen delivery, and myocardial ischaemia ensues.
Atrial pacing also increases myocardial oxygen consumption and is another frequently used method of provocation in stable effort angina [3, 41. It should be remembered, however, that this test is unphysiological, except in cases where angina is triggered by ectopic atrial tachycardia.
In some patients with angina pectoris, especially the variant type, the pathogenesis for ischaemia is decreased oxygen delivery to the myocardium, due rather to coronary vasospasm than to increased oxygen demand [S, 61. In these cases, methods of provocation affecting coronary vascular tone should be preferred. Different pharmacological agents have been used in this context, and the ergonovine test is the most widely accepted [7, 8] .
The cold pressor test (CPT) has been used in cardiovascular research for many years [9] . An increase in a-adrenergic activity is reflexively elicited and affects the whole vascular system, including coronary vessels. This results in a blood pressure rise, while heart rate is usually unchanged [ 101. Epicardial arteries are usually moderately constricted [ l 1 1, and in some cases focal spasm may be introduced [ 121.
The etiology of chest pain in patients with normal or nearly normal coronary arteriograms is often unclear. Sometimes the cause is extracardiac, but in a subgroup of patients coronary spasm has been demonstrated [13] . CPT might therefore be a useful method of provocation. Since some of these patients also seem to have a decreased coronary reserve [14] , it was considered to be of interest to study the effect of an increase in oxygen demand with pacing.
To assess the value of CPT in provoking angina compared with the more established method of atrial pacing, we have performed a haemodynamic and myocardial metabolic study. In order to keep the heart rate constant, atrial pacing was also performed during CPT, but with a frequency corresponding to about 80% of that obtained during maximal pacing. The study comprised two groups of patients: those with and those without significant changes in their coronary arteriograms.
Methods

Patients
All patients studied had a history of angina pectoris severe enough to warrant consideration for coronary bypass surgery.
Twelve patients (group I) had evidence of severe coronary artery disease on coronary arteriography (more than 70% stenosis). Of these, five patients had involvement of three vessels, four had two-vessel disease and three patients one-vessel disease.
Group I1 consisted of 16 consecutive patients without visible narrowing of the coronary arteries and with normal left ventricles on cardioangiography.
Age, sex and clinical data from all patients are shown in Table 1 . Oesophagus function tests including pressure manometry and pH measurement, non-invasive assessment of cardiac performance, including M-mode and two-dimensional echocardiography, registration of carotid pulse curve, apexcardiogram, phonocardiogram, pulsed doppler, T1 201 and exercise scintigraphy were carried out in most patients in group I1 (Table 2) . One patient had signs of mild dilated cardiomyopathy, and one had asymmetric septa1 hypertrophy. Three patients had perfusion defects during the exercise scintigraphy. Electrocardiogram (ECG) during chest pain at rest was not obtained in any of the patients. Consequently, it is not known whether ST-segment elevations would have been manifested. When time intervals were analysed, the most consistent finding was a prolonged left ventricular relaxation time expressed as a prolonged interval between the aortic valve closure sound in the phonocardiogram (Az) and the 0 point in the apexcardiogram (A2 0 interval) and a prolonged time from the aortic closure (A,) to the mitral valve opening in M-mode echocardiography, the isovolumic relaxation time (IRT). When compared with an age-matched control group of 10 healthy subjects, the A20 interval and IRT were significantly longer in patients in group I1 (Table 3) . No cardiac medication was given for 12 h before the catheterization. Informed consent was obtained from each patient, and the study was approved by the Hospital Ethical Committee.
Catheterization
After overnight fasting and with the patient in the supine position, a polyethylene catheter was placed in a femoral artery and a Swan-Ganz thermodilution catheter was positioned in the pulmonary artery. A Wilton-Webster thermodilution catheter was then introduced into the coronary sinus. The position was checked using radiopaque dye injection during fluoroscopy and adjusted if necessary. To ensure that reflux from the right atrium was not affecting flow measurements, a bolus injection of cold saline was injected in the right atrium during temperature registration in the coronary sinus.
Procedure
The schedule is outlined in Fig. 1 . Systemic and pulmonary arterial pressures were measured at rest after allowing a 5-10 min stabilization period. Cardiac output and coronary sinus blood flow were recorded using the thermodilution technique. Blood samples from a peripheral artery and the coronary sinus were withdrawn for assay of oxygen saturation and lactate concentration. Atrial pacing via the coronary sinus catheter was then started with a frequency of 100 beats/min. Heart rate was increased by 10 beats/min every 4 m i n until chest pain occurred. New measurements and blood samples were then taken. After 10 min rest without pacing, all haemodynamic variables and lactate levels were similar to the initial resting condition. Pacing was then started with a heart rate of 80% of that which induced angina pectoris. Cardiac output measurements and blood sampling were repeated after 3 min of pacing. During continuous measurement of arterial and pulmonary arterial blood pressures and coronary sinus blood flow, one hand was immersed in ice-cold water. Blood samples from a peripheral artery and coronary sinus were taken after about 60 s. Cardiac output was measured again and the cold stimulation and pacing were then stopped.
Measureni ents
Coronary sinus blood flow was determined using the continuous infusion thermodilution method [15] . Pressures were measured with a Statham P 23A transducer and stored on tape for automatic data processing on a PDP 11-40 computer (Digital Equipment Corporation) using average values of 10 beats. Cardiac output was obtained using the thermodilution technique (Cardiac Output Computer, WTI). Blood oxygen saturation was analysed with an OSM 2 haemoximeter (Radiometer, Copenhagen). Lactic acid concentration was assayed using the enzymatic method of Soutter et al. [16] (Lactate Analyzer 640, Roche Bio-Electronics). ECG was continuously recorded using a bipolar chest lead with one electrode in the V, position and the other in the subclavicular region. 
Calculations
The systemic vascular resistance was expressed as: 80 x (arterial mean pressure -right atrial pressure)/cardiac output.
The pulmonary vascular resistance was expressed as: 80 x (pulmonary mean pressure -pulmonary diastolic pressure)/cardiac output.
Coronary vascular resistance was calculated as: mean arterial pressure/coronary sinus blood flow.
Myocardial lactate extraction ratio was expressed as: 100 x (arterial-coronary sinus lactate concentration)/arterial lactate concentration.
Myocardial oxygen consumption, usually derived as the product of coronary sinus blood flow and myocardial arteriovenous oxygen difference, was not calculated in this study. In our experience, coronary sinus flow may fluctuate considerably with time in CPT. Since blood sampling for assay of oxygen saturation in the coronary sinus was obtained 20-60 s after flow measurement, the value of oxygen consumption would be inaccurate in many cases.
Statistical methods
Analyses were performed using the Wilcoxon signed rank rest for paired data. A P value < 0.05 was considered statistically significant.
Results
Effects on chest pain and ST-segment
Chest pain similar to the spontaneous anginal attacks was induced in all patients in group I. Chest pain developed when the heart rate was increased from 67 f 9 beats/min at rest to 119 f 14 beats/min at maximal pacing. ST-segment depression of more than 1 mm was seen in all patients but two and averaged 1.9 f 1.2 mm (Fig.  2) . In group 11, the response to pacing was more variable. Chest pain similar to their anginal pain was induced in 12 patients when heart rate was increased from 68 f 12 to 129 f 20 beats/min. In the remaining four patients, despite an increase in heart rate from 75 f 13 to 150 f 24 beats/min, retrosternal oppression was induced but there was no real pain. In group I1 as a whole, the heart rate was increased from 702 13 to 134f 22 beatslmin. ST-segment changes in group I1 of more than 1 mm were seen in eight patients (mean 1.1 f 0.8 mm).
During submaximal pacing (80% of maximal) and submaximal pacing in combination with CPT, angina pectoris was not experienced by any patient in either group. The ST-segment was not altered. 
Systemic haemodynamic measurements
As can be seen from Fig. 3 , pacing to chest pain caused an increase in systemic diastolic artery pressure for patients in both groups, and there was a significant and marked rise in rate-pressure product due to the increase in heart rate. Both systolic pressure in the systemic and pulmonary arteries as well as systemic and pulmonary vascular resistances were unchanged. In group I, pulmonary arterial diastolic pressure and cardiac index rose significantly.
Atrial pacing corresponding to 80% of the maximal rate induced similar, but somewhat less marked, haemodynamic changes compared with maximal pacing. There were no differences for any of the variables between groups 1 and I1 (Fig. 3) .
Addition of CPT to submaximal pacing caused a significant rise in systemic arterial blood pressure, pulmonary artery pressures and in rategroups, there was also a slight increase in right pressure product for both groups. Cardiac index atrial pressure. A comparison of maximal pacing and stroke volume index were unchanged. In and submaximal pacing combined with CPT ingroup I, there were significant increases in both dicated a higher systolic blood pressure and stroke systemic and pulmonary vascular resistance. In volume index during CPT for both groups. Rategroup 11, an increase in vascular resistance was pressure product was significantly lower in CPT. found only in the pulmonary artery. For both In group I, the pulmonary diastolic artery pressure was slightly higher in pacing than in CPT, while systemic diastolic pressure was higher during CPT in group 11. Only small or negligible differences were seen in cardiac index, vascular resistance and atrial pressure.
Coronary haemodynamics and myocardial metabolism
From Fig. 4 it can be seen that maximal pacing caused a significant increase in coronary blood flow due to a fall in coronary vascular resistance. Oxygen saturation in arterial blood was unchanged but increased significantly in coronary sinus blood. Maximal pacing caused a switch from lactate extraction to production in eight patients in group I, but in only two patients in group I1 (Fig. 2) . At submaximal pacing similar but less marked changes were seen for both groups compared with the situation at maximal pacing. When CPT was added to submaximal pacing, the coronary blood flow decreased or was unchanged, and the coronary vascular resistance increased in all patients in group I (Fig. 5 ) . In group 11, on the other hand, the coronary blood flow actually increased in seven patients, and the coronary vascular resistance increased in only nine out of 16 patients. These differences in reaction of coronary sinus flow and coronary resistance between the groups were statistically significant (P< 0.001 and P < 0.05, respectively). Oxygen saturation in arterial blood and in coronary sinus blood, myocardial arteriovenous oxygen difference and lactate extraction were not significantly changed by the addition of CPT to submaximal A comparison of maximal pacing with submaximal pacing combined with CPT gave the following results. For both groups, coronary blood flow was lower during CPT due to increased coronary vascular resistance. In group 11, oxygen saturation in the coronary sinus blood was higher and the myocardial arteriovenous oxygen difference lower during maximal pacing than in CPT. No such changes were seen for group 1. Lactate extraction was significantly higher at submaximal pacing and CFT when compared with maximal pacing in group I. There was a similar trend for group 11, although it was not significant.
Discussion
During maximal pacing there was a pronounced increase in the rate-pressure product, indicating a similar rise in myocardial oxygen demand. It was therefore not surprising that signs of myocardial ischaemia, such as ST-segment depressions and myocardial lactate production, were seen, especially in patients with severe coronary atherosclerosis (group I).
The addition of CPT to submaximal pacing also induced a considerable increase in the ratepressure product from the situation at rest. In comparison with maximal pacing, heart rate was lower but systolic blood pressure was higher, and the net result was a lower rate-pressure product. No signs of myocardial ischaemia were observed during CPT, which could be due to the fact that the increase in myocardial oxygen demand during CPT was too small. Furthermore, the lower heart rate making a longer diastolic period available for coronary perfusion in CPT should be beneficial for coronary perfusion in poststenotic regions. However, if the systolic and diastolic blood pressure increases had been sufficient to raise the rate-pressure product to the same level as during maximal pacing, it is still not certain that ischaemia would have developed in CPT. In addition to the longer diastolic period compared with maximal pacing, a higher coronary perfusion pressure in CPT would facilitate poststenotic flow. This is supported by Miller et al.
[ 171, who indicate that a rise in diastolic blood pressure (and myocardial perfusion gradient) induced by phenylephrine seemed to offset the effects of the increase in systolic blood pressure and left ventricular afterload.
Another explanation for the absence of ischaemia in CPT would be that the degree of coronary vasoconstriction was of insufficient severity and duration. In a study by Feldman el al. [18] , none of the 18 patients developed coronary spasm during CPT. Raizner et al. [19] , on the other hand, demonstrated spasm in seven out of 35 patients. An interesting finding was that in five of the seven patients with spasm, there were no angina or ECG changes. An explanation to this could be that the spasm was not severe enough, or that the duration 9f CPT was too short or that only limb leads for ECG monitoring were used in that study.
In our patients, CPT was limited to about 2 min, usually due to development of severe pain in the coldexposed hand. Since coronary arteriography was not performed in our patients during CFT it cannot be excluded that a spasm-induced critical proximal obstruction could have been induced. However, we do know that no pain, STsegment shifts or abnormal myocardial lactate metabolism was present.
The ability of CPT to induce angina pectoris has varied in other studies. Some investigators have been able to provoke angina in a few patients [19- 211, while others have had the same negative experience as we [ 18, 221. Since the methodology and patient selection in the different studies varied very little, the discrepancy in response probably reflects the low sensitivity of the method in comparison with other methods of angina provocation.
When comparing effects of maximal pacing between the groups, the most important difference is that myocardial lactate production was seen in group I but not in group 11. Looking at individual data, eight patients in group I moved from lactate extraction to production compared with only two patients in group 11. This difference might, in some patients, depend on myocardial ischaemia developing in the regions supplied by the right coronary artery. Under normal circumstances, veins draining the right coronary artery enter close to the ostium of the coronary sinus [23] . Lactate production, if present, could therefore easily be missed during blood sampling. There was, in fact, scintigraphic evidence of inferior ischaemia in two patients in group 11, which suggests involvement of the right coronary artery.
In group 11, one patient had echocardiographic signs of mild to moderate dilated cardiomyopathy (patient no. 13) and another patient had hypertrophic cardiomyopathy (patient no. 26). It is well known that patients with these disorders often have chest pain. The mechanism of pain development is often unclear, but is probably not related to anaerobic myocardial metabolism [24] . It is therefore not surprising that myocardial lactate production was not observed in these two patients. In four other patients, it was not possible to induce typical angina pectoris despite a high pacing rate. Evidently, atrial pacing was not a suitable method of provocation in these patients. Although there was a strong suspicion of ischaemic heart disease in all patients in group 11, it must be concluded that in the majority of the patients with angiographically normal coronary arteries the mechanism for the development of pain remains unclear. However, the prolonged left ventricular relaxation time found in most of the patients strongly suggests some underlying myocardial abnormality [25, 26] .
CPT induced similar effects in both groups of patients, except for coronary sinus flow and coronary vascular resistance. In spite of an increase in myocardial oxygen demand in group I, there was a decrease in coronary flow, while there was a tendency towards an increase in group 11. These findings are in agreement with those of Mudge et al. [27] . The explanation for the difference put forward by these authors is that the coronary dilatory reserve is already exhausted at rest or at submaximal pacing in patients with coronary artery disease. Vasodilatation due to metabolic
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autoregulation therefore cannot offset vasoconstrictor stimulus during CF'T, and coronary flow decreases. In patients with normal coronary arteries, metabolic autoregulation keeps total coronary flow relatively constant.
It must still be a matter of speculation as to whether the total coronary vascular resistance increase seen in both groups of patients is due to constriction of conductance or arteriolar vessels. Normally, the resistance to flow in the epicardial conductance vessels is only a few per cent of the total coronary resistance [28] . In patients with severe proximal stenosis, on the other hand, the contribution of conductance vessels to total resistance may be considerable. Although focal vasospasm is a relatively rare finding in CPT, as mentioned above, a moderate overall reduction of large coronary artery diameter is the rule [ I l l . This encroachment of the lumen in the case of pre-existent coronary stenosis may be sufficient to raise total coronary resistance. This does not explain, however, why some of our patients with normal coronary arteries experienced increased coronary resistance, unless these patients had pronounced proximal coronary vasospasm in CPT, or unless fixed atherosclerotic coronary narrowings were present but not angiographically visible. It is also possible that the net increase in resistance was predominantly due to constriction of arterioles.
Calcium blockers were given to the same proportion of patients in both groups. Accordingly, differences between the groups regarding coronary haemodynamics could not be ascribed to the use of these drugs. In group I, all patients were on 0-blockers, compared with 50% of the patients in group 11. It has been demonstrated that a nonselective 0-blocker potentiates coronary vasoconstriction, probably due to a relative increase in a-adrenergic influence [29] . This might be an additional reason why patients in group I had more greatly increased coronary resistance than patients in group 11. However, this would probably only explain a minor part of the difference in reaction between the groups, since the 0-blockers used in most patients were &-selective, and since there seemed to be no relationship between treatment with @blockers and change in coronary flow or resistance in group 11. Whatever the mechanism for the increase in coronary resistance of some patients in group 11, it may indicate abnormal coronary vasomotion, perhaps relevant to their chest pain syndrome.
A change in myocardial back pressure might theoretically modify coronary resistance [30] . However, since pulmonary artery diastolic pressure, as a measure of left ventricular enddiastolic pressure, was affected equally little in both patient groups in CPT, this mechanism was probably not important.
In conclusion, as expected, maximal atrial pacing induced angina pectoris and myocardial ischaemia in most patients with coronary artery disease. CPT in combination with submaximal pacing was clearly a much less powerful method of provocation in this respect. Although myocardial ischaemia was not seen, CPT apparently exerted a vasoconstrictive effect in patients with coronary atherosclerosis since coronary flow was restricted. In patients without coronary arterial narrowing, the flow response was more variable. Therefore, CPT does not seem specific enough to serve as a diagnostic aid in distinguishing among patients with significant coronary artery disease and patients without this disease.
